A novel 6/13-pole hybrid excitation axial field flux-switching permanent magnet machine (HEAFFSPMM) exhibits strong fault tolerance capability, high efficiency, and large torque density. However, merely few research on speed sensorless control in HEAFFSPMM exists. The speed sensorless control methods based on model reference adaptive system (MRAS) are studied and compared for the machine to improve the stability and reliability of the system and consequently improve the application of machine in control system. Based on the field-oriented control strategy, the MRAS observer of speed is designed and built by applying stator currents, stator flux linkages, and simplified stator currents. The three speed sensorless control algorithms of MRAS are compared and analyzed by using MATLAB/Simulink simulation and dSPACE1104 experimental platform. Results show that the speed sensorless control algorithm based on simplified stator currents has good control performance and high control accuracy.
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I. INTRODUCTION
Hybrid excitation axial field flux-switching permanent magnet machine (HEAFFSPMM) exhibits large torque/power density, wide operation range, and high efficiency [1] , [2] . Therefore, this machine has remarkable application prospects in the field of electric vehicles. The motor control system typically obtains the rotor position and speed information with high precision through the position sensor to complete the closed-loop control of the control system [3] . The commonly used HEAFFSPMM position sensor is a photoelectric encoder, which is expensive and requires high precision installation. This sensor has strict requirements about the working environment's temperature, humidity, and electromagnetic atmosphere. Furthermore, the fault of the position sensor prevents the motor from working normally or causes the entire system to discontinue working, thereby reducing the system's safety and reliability [4] . Therefore, the study of HEAFFSPMM sensorless control can reduce the system volume, reduce the system cost, and enhance system performance. VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
The control system of HEAFFSPMM is a multivariable, nonlinear, and strongly coupled system. Current nonlinear systems have various control methods, such as sliding mode control, adaptive control, predictive control, internal mode control, state feedback control, and neural network control, which have been commonly used in permanent magnet motors [5] - [10] . However, these control methods are rarely involved in the HEAFFSPMM. Similarly, many methods have been proposed to estimate the rotor position and speed of the PMSM in the sensorless control system. However, merely few literature exist about sensorless control in HEAFFSPMM.
Yuan et al. [11] and Wang et al. [12] estimated rotor speed by sliding mode observer, which was simply computed and exhibits fast dynamic response. However, the buffeting problem affecting estimation accuracy could not be overcome. Sonawane and Apte [13] estimated rotor speed by using the state observer method, which was characterized by good stability and strong robustness. However, the algorithm was complex and requires an amount of computation. Walambe et al. [14] detected the rotor speed by using an extended Kalman filtering method based on linear minimum variance estimation theory, however, the algorithm was complicated, thereby failing to induce convergence in the full speed range. Sun et al. [15] estimated rotor speed by an artificial neural network inverse speed observer which was characterized by wide speed range, fast response speed, and strong robustness, however, the algorithm structure was complex and required high controller. Sun et al. [16] estimated rotor speed by a dichotomy-based iterative search. The optimal rotor position angle was the fitness function corresponding to the finite position set obtained by calculation and comparison. The algorithm was beneficial for improving the accuracy and dynamics of the control system, but the algorithm exhibited a heavy calculation load and the accuracy of the position signal could hardly be guaranteed. Compared with the aforementioned algorithms, the model reference adaptive system (MRAS) has simple calculation and implementation and good stability [17] - [19] .
In this paper, the mathematical model is based on reference [20] . The feasibility of position sensorless control based on MRAS in HEAFFSPMM is analyzed. The main control methods to realize MRAS without position sensor include MRAS based on stator currents, MRAS based on stator flux linkages, and MRAS based on simplified stator currents. In this paper, the MATLAB/Simulink system simulation model and the dSPACE1104 experimental platform are built for the three MRAS control methods. Simulation and experimental results show that the MRAS based on the simplified stator currents exhibits small errors, good system robustness, good dynamic and static characteristics compared with those of the other two methods. Section II introduces the topology of HEAFFSPMM. Based on the mathematical model of HEAFFSPMM, the three speed sensorless control algorithms of MRAS are presented in Section III. The performances of the three methods are compared and analyzed in Section IV and V. The conclusions are provided in Section VI. Fig. 1 illustrates the 3D topology of the modular 6/13-pole HEAFFSPMM. This figure shows that the motor is a double air gap motor comprising two stators and a rotor. Each of the stators comprises U-shaped iron cores, permanent magnets, armature windings, field windings, and isolation slots. Two adjacent U-cores and a sandwiched permanent magnet between them comprise a stator module, and the armature and field windings are wound on stator modules. The permanent magnets in each stator are alternately magnetized along the circumference direction, and the directions of the permanent magnets in stator 1 are opposite to those in stator 2. The excitation windings placed in the adjacent isolation slots are wrapped around the stator module to regulate the magnetic field. The 13 rotor poles are uniformly arranged on the outer circumference of the nonmagnetic rotor ring, which makes the rotor simple and robust. The isolation slot realizes the separation between phases and can be used to place the excitation winding to complete the hybrid excitation. Compared with the traditional U-shaped core AFFSPM motor [21] , the HEAFFSPM motor reduces the permanent magnets and ferromagnetic materials, thereby lowering manufacturing cost, weight, and core loss of the motor [22] , [23] . 
II. TOPOLOGY OF HEAFFSPMM

III. SPEED SENSORLESS CONTROL METHOD A. MATHEMATICAL MODEL OF HEAFFSPMM
The stator voltages of HEAFFSPMM in the dq coordinate system are shown in (1) .
where u d , u q , and u f are the stator voltage in d-q axis and the excitation voltage. i d , i q , and i f are the stator current in d-q axis and excitation current. L d , L q , and L f are the stator inductance in d-q axis and excitation inductance. R s and R f are the stator and the excitation resistance, respectively. M f is the mutual inductance between the excitation coils and the three-phase coils. ψ m is the flux linkage produced by permanent magnets. ω e is the electric angular velocity. The flux linkage equation is shown in (2) as follows:
where ψ d and ψ q are the d-q axis component of the stator flux linkage.
The electromagnetic torque of HEAFFSPMM is illustrated in (3) .
where 3 2 pψ m i q , 3 2 p L d − L q i d i q , and 3 2 pM f i f i q are the permanent magnetic, reluctance, and excitation torque, respectively. Fig. 2 illustrates that the MRAS comprises a reference model, an adjustable model, and an adaptive mechanism. The reference and the adjustable models refer to the equations without and with the parameters to be estimated, respectively. The difference between the outputs of the two models is entered into the adaptive mechanism, and the appropriate adaptive law is developed to adjust the estimated parameters in the adjustable model continuously. Therefore, the output of the two models is consistent, and the parameter estimation is achieved [24] - [26] . 
B. PRINCIPLE OF MRAS
C. MRAS FOR STATOR CURRENTS
For convenience, (1) is rewritten as (4) .
(4) can be rewritten as the status-variable form of stator currents i d and i q . Result is indicated in (5) .
(5) is rewritten as (6) .
For the online identification parameters of HEAFFSPMM, the current and voltage of the stator are presented as follows:
Substituting (7) into (6), the reference model is derived as follows:
(8) is simplified as (9).
The adjustable model is shown in (10) .
The generalized error is defined as e = i * −î * . (11) can be derived by (8) and (10).
(11) is simplified as (12) .
where
Popov's hyperstability theory explains that the adaptive law is designed to promote the effective approach of the adjustable model to the reference model and ensure the system stability.
Popov's hyperstability theory also indicates that the equivalent forward path G (s) should strictly be a positive definite matrix. Meanwhile, the equivalent feedback path η (0, t 1 ) should satisfy Popov inequality, which is shown in (13) [27] , [28] .
The adaptive law can be obtained by reversely solving Popov integral inequality, and the result is derived and illustrated in (14) [29] .
The estimated value of rotor angle position is obtained as follows:θ
D. MRAS FOR STATOR FLUX LINKAGES
In the dq rotating coordinate system of HEAFFSPMM, the voltage equation can be expressed as:
The equation above can be rewritten as follows:
For convenience, (2) is rewritten as (18) .
By substituting (18) into (17), the d-and q-axis flux linkage as state variables are obtained as follows:
The adjustable model is obtained as (20) .
By subtracting (20) from (19), the error state equation between the actual and the estimated values of stator flux linkages is obtained as follows:
(21) is simplified as (22) .
The adaptive law can be obtained by reversely solving Popov integral inequality. The result is derived and illustrated in (23) [30] , [31] .
The estimated value of rotor angle position is obtained by (24) .θ e = t 0ω e dt.
E. MRAS SIMPLIFICATION ALGORITHM FOR STATOR CURRENTS
The control strategy based on i d = 0 is typically adopted for the vector control system of HEAFFSPMM, and a good control effect is obtained. If i d = 0 is also applied to the MRAS sensorless algorithm, the algorithm can be substantially simplified [32] . First, the reference model is constructed from the current equation
The adjustable model is shown in (26) .
The generalized error is defined as e 2 = i q −î q . (27) can be derived by (25) and (26) .
(27) is simplified as (28) .
The adaptive law can be obtained by reverse solving Popov integral inequality. The result is derived and illustrated in (29) .ω
IV. SIMULATION ANALYSIS
The simulation experiments are performed through MAT-LAB/Simulink software to verify the effectiveness and compare the performances of three MRAS-based HEAFFSPMM sensorless control algorithms. Fig. 6 illustrates the comparison results given that the initial set value of rotor speed at no load is 200 r/min. Fig. 6a shows that the simplified stator current control can achieve a stable value in the shortest time among the three MRAS control methods. Figs. 6b, 6c, and 6d show that the errors of the rotor position angle under three control methods are 1.16, 1.38, and 1 rad, respectively, in the stable operation stage. Fig. 7a shows that the speed error at 150 r/min is approximately 10, 13, and 8 r/min under three control methods, respectively. When t = 0.3 s, the speed changes from 150 to 200 r/min, and the response time of stator current control is fast, thereby reaching a stable operation in 0.02 s. Figs. 7b,  7c, and 7d show that the errors of the rotor position angle under three control methods at 150 r/min are 1.4, 1.5, and 1.2 rad, respectively. The stator flux linkage control exhibits the largest deviation in rotor position angle among the three control methods. Fig. 8 illustrates the results given that the set value of rotor speed is 200 r/min and the load is changed from no load to 3 N·m at 0.3 s.
B. COMPARISON OF THREE METHODS UNDER LOAD
δ is defined as the torque ripple in (31) .
where T eMax and T eMin represent the maximum and minimum value of torque, respectively. Fig. 8a shows that among the three MRAS control methods, the simplified stator current control reaches the stable speed value in the shortest time and exhibits the smallest error between the actual and estimated value of rotor speed. Figs. 8b, 8c , and 8d illustrate that the rotor position angle errors of the three control methods are 0.8, 0.86, and 0.7 rad in the stable operation stage with a load of 3 N·m. This finding indicates that MRAS has improved accuracy for the simplified stator current control method. Fig. 8e shows that the simplified stator current control has the fastest response speed among the three control methods when the load changes. TABLE 2 shows that the simplified stator current control has the best stable performance with loads. 
V. EXPERIMENT ANALYSIS
dSPACE has advanced hardware processors, high-speed computing capabilities, and abundant I/O ports capable of completing system configuration, thereby generating and downloading code, debugging functions, and other functions [33] , [34] . A dSPACE1104 experimental platform of speed sensorless control system for HEAFFSPMM is built to verify the effectiveness of the control method in the actual system. Fig. 9 shows that the experimental platform includes DC power supply, oscilloscope, drive circuit, controller, HEAFFSPMM, and magnetic powder brake. Fig. 10 presents the steady-state waveform of speed and rotor position estimations under MRAS for stator current control when the speed is set as 200 r/min. Fig. 10a shows that the estimated speed is similar to the actual speed, and Fig. 10b reflects that the position error is approximately 1.19 rad. Fig. 11 demonstrates that the speed of the motor is switched from 150 to 200 r/min. When the initial speed is 150 r/min, Fig. 11a shows that the estimated speed is similar to the actual speed, and the error is approximately 10 r/min. When the speed changes from 150 to 200 r/min, it tends to be stable after 0.6 s, and the speed error is approximately 6 r/min. Fig. 11b shows that the position error is approximately 1.36 rad at 150 r/min; when the speed is stable at 200 r/min, the position error is 1.19 rad. This finding indicates that the errors of speed and position are reduced with increased speed. Fig. 12 displays that the set value of rotor speed is 200 r/min, and the load of the motor is switched from Fig. 12a shows that the estimated speed is similar to the actual speed and tends to stabilize after 0.25 s as the load is changed. Fig. 12b demonstrates that the position error is diminished by 27% with the increase in load. Fig. 12c shows that the torque ripple increases. Fig. 13a shows that the estimated speed is similar to the actual speed. Fig. 13b presents that the error of the rotor position angle is 1.43 rad, which is increased by 20% than that of stator current control. Fig. 14 indicates that the speed of the motor is switched from 150 to 200 r/min. Fig. 14a shows that the speed error at 150 r/min is approximately 18 r/min. When the speed changes from 150 to 200 r/min and the HEAFFSPMM attains stable operation after 0.6 s, the speed error during operation is larger than that under stator current control. Fig. 14b shows that the error of the rotor position angle is 1.54 rad when the motor runs at 150 r/min, which is increased by 0.18 rad than that of stator current control. Moreover, the error of rotor position angle is increased by 0.24 rad than that of stator current control at 200 r/min.
A. MRAS FOR STATOR CURRENT CONTROL METHOD
With the variant of load, Fig. 15a shows that the estimated speed is similar to the actual speed and tends to stabilize after 0.7 s, and the speed error under load is approximately 10 r/min, which is larger than the stator current control. Fig. 15b reflects that the position error is approximately 1.43 rad at no load and the position error is 0.95 rad at 3 N·m. Fig. 15c demonstrates that the torque ripple is 56% at 3 N·m, which is increased by 6% than that of stator current control. Therefore, the stator current control has higher control accuracy than the stator flux linkage control.
C. MRAS FOR SIMPLIFIED STATOR CURRENT CONTROL METHOD
Figs. 16-18 presents the experimental results based on MRAS for simplified stator current control under the same condition. Fig. 16 shows the steady-state waveform of speed and rotor position estimations under MRAS for simplified stator VOLUME 8, 2020 current control at 200 r/min, and the position error is approximately 1.12 rad. Fig. 17 reveals the waveforms of the speed and rotor position estimations of the motor when the rotor speed is switched from 150 to 200 r/min. Fig. 17a illustrates that the estimated speed is similar to the actual speed, and the error is approximately 7 r/min when the initial speed is 150 r/min. The speed tends to stabilize after 0.48 s when it changes from 150 to 200 r/min. Fig. 17b demonstrates that the position error is changed from 1.12 to 1.02 rad. Compared with the two other methods, the speed and position angle error are decreased under the simplified stator current control method.
With the variant of load, Fig. 18a shows that the estimated speed is similar to the actual speed. The error under load is approximately 4 r/min, which is less than that of the stator current control. Fig. 18b shows that the position error is approximately 1.12 rad at no load, and the position error is 0.78 rad at 3 N·m. Fig. 18c indicates that the torque ripple is 40% at 3 N·m, which is decreased by 10% than that of stator current control. TABLE 3 indicates that the experimental results of the three methods are consistent with the simulation results under the same load conditions. Therefore, the simplified MRAS has the best performance among the three control methods.
D. PERFORMANCE COMPARISON OF THE THREE METHODS WITH LOAD
VI. CONCLUSION
In this paper, the three speed sensorless control methods of MRAS based on stator currents, stator flux linkages, and simplified stator currents are studied and compared. The simulation and experiment are conducted under HEAFFSPMM control system. Results show that the simplified stator current MRAS exhibits better dynamic and static performance than the two other MRAS control methods under the conditions of constant speed, variable speed, and variable torque. Moreover, the estimation values of MRAS for stator flux linkages are worse than those of the two other MRAS control methods. All the speed and position errors under the three sensorless position control methods decreased with the increase in speed and load.
